Imaging and spectroscopy in the mid-infrared (Mid-IR) wavelength region have received considerable attention in recent years. The reason is the high Mid-IR spectral specificity of many gases and complex molecules. In this pilot study we focus on picosecond upconversion imaging exploiting the χ (2) nonlinearity of a bulk lithium niobate crystal as a means to convert the optical Mid-IR signal into the visible wavelength region, thus allowing the use of fast and sensitive silicon based CCD cameras. The picosecond upconversion system is synchronously pumped in order to increase the quantum efficiency, hence allowing for upconversion of faint pulsed Mid-IR light.
INTRODUCTION
Upconversion of infrared radiation into the visible spectrum is an emerging technology showing good promise as an alternative to conventional infrared cameras, which often require cooling and suffer from limited sensitivity and spectral response. 1 In contrast, upconverted mid-infrared (Mid-IR) radiation can be detected by means of cost effective, highly sensitive visible to near infrared (Near-IR) detectors and cameras, thus making upconversion an attractive technique for Mid-IR detection and imaging. Upconversion has been applied in a diverse fields such as astrophysics to observe thermal radiation from stars, 2 to detect natural gas leakage and the distribution of the greenhouse gases, 3 and to convert image information into the visible region using Mid-IR supercontinuum light sources. 4 Furthermore, using infrared sources with short pulse width, it becomes possible to study phenomenon such as the intraband relaxation dynamics of particles 5, 6 and the relaxation of molecule stretch vibrations.
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In this paper we discuss the experimental results of upconversion imaging using short Mid-IR pulses (1 ps). The upconversion takes place in a simple, single pass configuration inside a bulk nonlinear (lithium niobate) crystal. Different aspects are analyzed, such as the intensity and spectral distribution of the upconverted radiation. Finally, we experimentally compare the performance of the upconversion imaging system using two different signal spectral bandwidths and note the effects on field-of-view and spatial resolution.
PRINCIPLE OF UPCONVERSION IMAGING
The purpose of this work is to experimentally investigate the upconversion of a Mid-IR beam with spatial information in to the visible light wavelength range. Upconversion relies on sum frequency generation (SFG). The SFG or upconversion process involves mixing two optical beams to produce a third with a shorter wavelength. Two physical quantities need to be conserved. The first one is conservation of energy in the SFG process which needs to be obeyed strictly. The second quantity relates to the conservation of the vectorial momentum. The vector sum of the two input wave vectors should match the wave vector of the upconverted beam in order to reach the highest conversion efficiency. It is simple to understand this by representing these three vectors in the k vector space. Figure 1a shows the entire locus of the three k vectors involved. Considering a type I upconversion scheme, the incoming Mid-IR signal and the pump are ordinary polarized, thus their refractive indexes do not depend on the propagation angle inside the nonlinear crystal. However the upconverted beam is extraordinary polarized, therefore its refractive index can be tuned by rotating the nonlinear crystal angle (θ c ). This mechanism can then be used to obtain phase matching, i.e. conservation of momentum. In contrast to the need for exact conservation of energy, the conservation of momentum need not, but will then result in lower conversion efficiency. Figure 1 : Phase matching in the k space for (a) a single phase matching solution and (b) a collinear phase matching (as a part of multiple solutions).
A single phase matched solution can be achieved with the correct angle θ c . In this special case the locus of k s and k up intersect in one point only, producing a single point in the image plane (see Fig. 1a ). This special case represents a noncollinear phase matched solution, since generally k s , k p and k up are not parallel. In order to achieve collinear phase matching, the crystal angle (θ c ) has to be tuned until k s , k p and k up are parallel. The locus of k s then generally intersects the locus of k up at two angles. Moreover the locus of k up , which is an ellipsoid in 3D, has an eccentricity close to 0. Therefore the shape of the intersection in 3D of these two loci can be approximated by a circle. The radius of the circle increases with φ s with the single solution in Fig. 1a representing a minimum. Figure 1b shows the connection between φ s and the upconverted signal beam cone. The upconverted cone of light is re-imaged using a 2f set-up (f = 150 mm) to form a ring in the image plane (See Fig .2 ). Likewise a 2f set-up (f = 40 mm) is used to transform light from the object plane into proportional angles passing the the nonlinear crystal. The resulting 4f set-up forms the basis of the imaging process. A large signal beam diameter is able to illuminate a large object, however at the cost of a lower intensity compared to a small beam diameter.
EXPERIMENTAL SETUP
The angle φ up corresponding to the single phase matched solution is slightly different from the collinear alignment. This difference needs to be corrected for when designing the actual setup in order to produce a full circular rather than a crescent shape intensity distribution. Figure 2 illustrates this aspect of the alignment requirement. In Fig. 2 it is the Mid-IR signal beam (in orange) that is changed from the collinear case. We note that in some cases it could be more convenient to change the angle of the pump beam, which would produce the same effect.
The present experiment uses a 1877 nm Mid-IR signal beam with two possible options for the bandwidth, 11 and 150 nm respectively defined as the full width at half maximum (FWHM) of the spectrum, a power of 5 mW and 130 mW respectively. The pump beam has a center wavelength of 1550 nm, a bandwidth of 1 nm after a band pass filter and an average power of 43 mW. Both beams are synchronously pulsed with a pulse width of 1 ps, and a repetition rate of 21.8 MHz. Since 1 ps represents a spatial extent of only 0.3 mm in free space, temporal synchronization has to be accurate in order to ensure that the pulses from the Mid-IR signal beam overlap the pulses from the pump beam inside the bulk nonlinear crystal (lithium niobate). This has been accomplished using a variable path delay. A retro-reflector has been mounted on a translation stage to perform a fine temporal alignment of the pulses, thus increasing the upconversion efficiency.
The object is illuminated with a Gaussian beam having a beam waist diameter of 19.5 mm. The transmitted beam is collected using a lens with a focal lens of 40 mm, producing a Fourier transformed image of the object at the back focal plane. The nonlinear crystal is positioned in the mentioned Fourier plane, where also the upconversion takes place. The lens (f = 40 mm) has been chosen with the smallest possible focal length (according to the available space) in order to generate the smallest transverse spatial frequency distribution of the object in the Fourier plane, thus maximizing the spatial resolution with the actual pump beam waist diameter (2.4 mm). The limited space between the lens, f = 40 mm and the nonlinear crystal force us to position the beam combiner after the nonlinear crystal, and reflect the pump beam back in to the crystal using a long pass filter as a mirror (See Fig. 2 ). The upconverted image (849 nm) is reconstructed with a Fourier transforming lens, f = 150 mm, and acquired by a 6.8 mm x 5.4 mm silicon CCD camera chip (IDS; UI-3240CP-NIR-GL).
INTENSITY AND SPECTRAL DISTRIBUTION
The present section discusses the ring pattern formation in the image plane. It has been mentioned previously, that the full circle distribution of the intensity can be realized by tilting one of the two input beams. However the polychromatic nature of the two sources has not been investigated yet. In the following the pump beam is considered monochromatic in comparison with the Mid-IR signal spectrum. In this study two different Mid-IR signal beam spectrum are used, having a 11 nm and 150 nm bandwidth respectively. The different signal wavelengths affect at the same time the length and the direction of k s and k up , in which phase matching occurs. A polychromatic beam will consequently generate different upconverted ring structures in the image plane. It is of interest to investigate the distribution of these rings.
Two cases can be studied; one for each bandwidth. Figure 3 depicts the the upconverted beam intensity distribution for both cases. The 11 nm bandwidth produces a thin symmetric ring compared to its radius (see Fig. 3a ), since the highest and lowest wavelength are close to each other compared to the central wavelength. However a significant thickness can be observed when the bandwidth increases to 150 nm. Even more interesting is the asymmetry of the distribution. This effect is not associated with the misalignment of the Mid-IR signal but is rather the result of an asymmetry in the the phase matching solutions. Since the main axis of the ellipsoid in Fig. 1a is in the same plane as for the signal and the pump beam, this phase matching asymmetry occurs only in this plane. Figure 3 illustrates this feature; the distribution of the phase matching solution is symmetric around the Y axis only. An analysis of the upconverted beam spectral distribution (measured by a spectrometer), produced by the 150 nm bandwidth has been performed to illustrate this asymmetry.
The first information provided by Fig. 4 is a confirmation of the asymmetry in the spectral domain. Moreover each side of the ring has the same bandwidth, meaning that the same Mid-IR signal bandwidth is upconverted at different positions of the circle. It also proves that the actual asymmetry in the intensity distribution does not come from an asymmetry in the signal bandwidth. Going one step further the bandwidth of the Mid-IR signal can be analyzed from the actual bandwidth of the upconverted beam. From Fig. 4 it can be seen that the upconverted bandwidth is 30 nm. Since the pump beam at 1550 nm is almost monochromatic, it possible to calculate the bandwidth of the signal beam by applying the conservation of energy. Doing so gives a signal beam bandwidth of 150 nm. This result matches perfectly with the actual spectrum of the signal beam measured directly with a Mid-IR spectrometer.
EXPERIMENTS ON SPATIAL RESOLUTION
The imaging properties of upconversion are studied in this section. The main purpose is to investigate some parameters which affect the resolution of the image. The 8 lines/mm pattern of the resolution target is selected for this experiment in order to characterize different imaging aspects. 
Influence of Mid-IR spectral bandwidth
Since we have two possible options for the spectral width of the Mid-IR signal, it is possible to experimentally demonstrate the influence of the bandwidth on the spatial resolution. The object is thus illuminated successively by the 11 nm and 150 nm bandwidth signal beam respectively. The results are shown in Fig. 5 . Figure 5a represents the upconversion of the 8 lines/mm pattern of the resolution target when probed by the signal beam. Two orthogonal directions are scanned. The radial direction highlights a major difference between the two choices of bandwidths. The 150 nm bandwidth is able to illuminate a larger zone of the object in the radial direction. This is expected as discussed in the previous sections; the larger the bandwidth the thicker the ring or effective field-of-view. Moreover the resolution does not vary for the same intensity level (see the two central peaks in Fig. 5c ). This observation is even more obvious for the scan along the tangential direction, since both bandwidths produce the same image. The conclusion is that the polychromatic nature of the signal beam influences the field-of-view but does not seem to produce any major blurring effect.
Image resolution vs object position
A central question for aberration for image formation is whether the point spread function is independent of the object position (x,y) or not. As discussed previously the intensity distribution has circular symmetry, thus lending itself to a description in polar coordinates. First the angular dependency is investigated. Therefore we examine the spatial resolution at four different positions of a particular ring (see Fig. 6a ). The 8 lines/mm resolution sections are positioned at these four positions. As it can be seen in Fig. 6b and Fig. 6c the resolution does not seem to depend on the position since the difference between the maximum and the closest minimum is the same for all four position, i.e. in the horizontal and vertical directions respectively. The influence of the radial position of the ring is investigated by probing the object plane at different crystal angles. This can be accomplished by angle tuning of the crystal. In our case, changing this variable will modify the ring radius and probe different parts of the object. In order always to illuminate the same part of the resolution target (8 lines/mm), the resolution target has to be radially translated for each selected crystal angle (see Fig. 7a ). As can be observed from Fig. 7b and Fig. 7c , the resolution is not affected by the radial position of the ring, however the thickness of the ring depends on its radius. The ring produced experimentally (actual image not shown) from a crystal angle of 47.8
47.8°( a)
• is much thinner than the one produced from an angle of 45.8
• . The larger the ring radius the thinner the ring.
CONCLUSION
In this paper we have investigated the upconversion imaging process using a mid-infrared light beam to illuminate the object. The origin of the ring shaped intensity distribution in the image plane is produced from multiple non-collinear phase matching solutions, the solutions being symmetrically located in angle with respect to the single phase matching solution.
An experimental setup has been built, using a 1.9 um signal beam and a 1.55 pump beam, both pulsed with a pulse width of 1 ps. The intensity and the spectrum both proved the symmetric nature of the phase matching solutions as well as the conservation of the bandwidth of the conversion process -also for a polychromatic source. A resolution target with 8 lines/mm was used to study the imaging resolution for a varying bandwidth of the signal beam as well as for different positions in the object plane. The results from this experimental work lead to the conclusion that neither the spectrum of the signal beam nor the position of the object plane affects the resolution of the upconverted image significantly.
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